Blood oxygenation level dependence signal (BOLD) for functional magnetic resonance imaging (FMRI), is the use of blood magnetization depending on the oxygenation state of hemoglobin. Susceptibility gradient can shift and skew k-space trajectories and it leads to echo time shift and BOLD sensitivity change. FMRI can be used to detect the signal, the change of the susceptibility gradient of the signal and the distortion of k space trajectory, resulting in echo time shift and BOLD sensitivity change. Using the percentage signal change (PSC) and calibration function, it can be applied to many different fields, such as age-related research. In this paper, the performance of BOLD signal change correction based on sensitivity gradient was verified by real data group calculation, and methods of further improving the calculation speed were analyzed. This paper also analyzed the performance of correcting the variations of BOLD Signal due to susceptibility gradients with real data set, and identified the computational issues that need to be improved for further research.
tion and blood flow, the number of oxygenated hemoglobin will increase and the number of deoxygenated hemoglobin will decrease in that region which will lead to a paramagnetic effect and MRI can detect this * 2 T -weighted signal.
Since FMRI relies on the magnetic susceptibility, it is sensitive to the microscopic magnetic susceptibility variations in blood. However, FMRI is also sensitive to the macroscopic magnetic susceptibility differences from air/tissue interfaces which cause artifacts. A large magnetic susceptibility difference existing between air and tissue leads to severe disruptions of the uniformity of the magnetic field around that area. The susceptibility-induced magnetic field inhomogeneity causes image distortion and signal loss. There have been many developments and optimizations to correct those artifacts from susceptibility magnetic field inhomogeneity [1] [2] [3] [4] .
An additional artifact that has received much less examination is the effect of gradients in the magnetic field on the sensitivity of the BOLD FMRI acquisition [1] . Gradients in the magnetic field due to macroscopic field inhomogeneity can disrupt the spatial-frequency encoding of a voxel, resulting in a shift in the effective echo time for that voxel. This effect results in each voxel in a functional image having a potentially different effective echo time. Since the BOLD signal is a function of the echo time of the acquisition, this can result in a spatially varying BOLD signal even if the underlying activity was uniform. It is this artifact that is the focus of the current manuscript.
This spatially-varying BOLD sensitivity potentially depends on: the protocol (acquisition trajectory, acquisition timing, slice orientations, phase encode direction), the subject (specific anatomy of air/tissue interfaces or iron deposition), and the experimental details (quality of the shimming and orientation of the subjects head in the scanner). In an aging study, differences between young and old subjects could exist in the anatomy and orientation of air/tissue interfaces along with changes in magnetic field maps due to iron concentrations.
In this research, we are going to calibrate changes in BOLD sensitivity that are due to changes in the magnetic field and delineate regions that show significant sensitivity changes with age. By comparing the BOLD sensitivity between young and old subjects, we determine some areas in a brain that have significant differences in functional sensitivity related with age.
Methods and Data Analysis

Magnetic Resonance Imaging
Tomography is a tool that we can use to create an internal image of the body without cutting it open. There have been many different techniques to create internal images and one of the active ongoing areas is magnetic resonance imaging (MRI). MRI is based on the physics of nuclear magnetic resonance (NMR) which is a phenomenon that nuclei having an odd number of neutrons, protons, or both have a magnetic moment. If there is no magnetic field, then all the magnetic moments will spin in random directions and the sum of them will be zero. However, if there is a static magnetic field, 0 B , then the magnetic moments will have a net alignment and a net magnetization, M , will be aligned either parallel or anti-parallel to the magnetic field. When the net magnetization is tipped out of alignment by an RF pulse, it precesses around the magnetic field with the Larmor frequency:
here 0 B is the strength of the magnetic field and γ is the gyromagnetic ratio.
is widely used. For example, with 1H in the magnetic field,
MHz
If a radio frequency (RF) pulse is applied, the spins that have the same frequency as the RF pulse will absorb energy and become excited. An RF pulse is a 1 B field that oscillates perpendicular to the 0 B field. The consequence of excitation is the tip-down of the net magnetization. The flip angle, α , is determined by the strength, 1 B , and the duration, p τ , of RF pulse.
After the short pulse, the net magnetization will be resurned to the equili- ( ) ( )
Free induction decays (FID) are the signals recorded without magnetic gradients. If the magnetic field is inhomogeneous, then FID signals will decay faster because magnetic moments can cancel out each other with a small magnetic field differences and the decay of magnetization is given a time constant called * 2 T which is smaller than 2 T .
Functional MRI
Functional MRI (FMRI) detects the signal changes due to neural activities in a brain. Deoxygenated hemoglobin is paramagnetic and fully oxygenated hemoglobin is diamagnetic, which is more similar to the surrounding tissue. The deoxygenated hemoglobin during neural activities distorts the static magnetic field more. The MRI signal will decay because the different frequencies that process in non-uniform magnetic field cause rapid phase cancellation. Therefore, changes FMRI is performed by acquiring a time series of snapshot images of the brain, typically every two seconds for several minutes. During this time, subjects are presented with visual-based or other stimuli that change throughout the scan. Examining how the measured brain signal correlates with the presented stimuli will reveal which areas of the brain are undergoing activity, and associated changes in the concentration of deoxygenated hemoglobin.
Sampling Trajectories for Functional MRI
In order to acquire the necessary samples to satisfy Nyquist sampling in the data space, or k-space, several acquisition trajectories are used. Trajectories are acquired by playing out gradients that travel through the spatial-frequency space of k-space. Location in k-space is given by integrating the gradients,
If we want to reconstruct the spatial function which is the original image, we can perform inverse Fourier transform of k-space.
There are several ways that you can traverse k-space with different trajectories. One method is echo-planar imaging (EPI) trajectory, as shown in Figure 1 .
The trajectory starts from a corner of k-space and it only moves to y-direction once it reaches the border of k-space on x-direction. According to the sampling theorem,
FOV is the field of view in the x-direction and x k ∆ is the sample spacing in the x-direction of k-space. If this sampling is not satisfied, there will be aliasing in the image. EPI trajectory can cover all k-space and sample uniformly. However, this is not the time-efficient method, because slew rate reduces the sampling rate when the y-value is changed and the direction on the x-axis is reversed to cover the next line. There are two ways that EPI can be performed. EPI-down, also called phase-encode anterior to posterior (PEAP), starts the tra- 
where rad FOV is the size of the circular field of view in the radial-direction.
Susceptibility
Before defining magnetic susceptibility, let us define permeability. The permeability, µ , is defined by the relationship between the physical magnetic field, B , and another vector field, H . µ = B H (11) A relative permeability is defined by 
H (14) And the relationship between B field and M field is
M (15) Magnetic susceptibility is a property of specific materials or tissues and can vary between different tissues. This results in a variation of the magnetic field at interfaces between soft tissues ( 
If we find ( ) ΔB r , then we can also find χ ∆ between the two tissues. Figure 2 shows the field map and the corresponding susceptibility gradients in x, y, and z-directions. The variations in the magnetic field exist at regions in the brain near air/tissue interfaces due to the susceptibility differences of air and tissue. The k-space generated by imaging gradients without susceptibility
After counting the susceptibility gradients, the k-space trajectory will be shifted and skewed because the location of k-space depends on the susceptibility gradient. The k-space generated by susceptibility gradients is
, we can simplify the previous formula to
Therefore, k-space after counting the susceptibility gradients would be
where 0 t = when the data acquisition starts and 0 t is the duration between the RF pulse and the beginning of the data acquisition. For example, in EPIdown, which is also called EPI PEAP, the k-space trajectory will be shifted and skewed. If the susceptibility gradient is positive which is the same direction as the gradients without susceptibility, the starting point of k-space trajectory will be shifted downward because of susceptibility gradients between the RF pulse and the data acquisition. Also, since the trajectory will be skewed downward because of susceptibility gradients, it will cross the origin faster and the echo time will be shorter than originally planned. The same derivation works if the susceptibility gradient is negative which is the opposite direction of the gradients without susceptibility. The starting point of k-space trajectory will be moved to upward, the trajectory will be skewed upward, and the echo time will be longer. 
Effect of Echo Time Shift on BOLD Signal
If all tissue had the same susceptibility, then there will be no susceptibility-induced magnetic field gradients and no wrong echo time. However, in real cases, there are gradients in the magnetic field due to magnetic susceptibility variations near air/tissue interfaces. The susceptibility gradients will shift and skew the k-space trajectory. The echo time is measured at the origin (or at the point which has the minimum distance from the origin), but the echo time can be different than expected if the k-space trajectory is shifted and skewed. BOLD FMRI is acquired with an echo time that is chosen to optimize the contrast for the functional signal. If the echo time shifts, then this will affect the BOLD signal intensity.
We can quantify the BOLD signal through Percent signal change, PSC. If susceptibility gradients are added, then k space will be shifted and echo time will be changed as well [1] . PSC with susceptibility gradients can be defined in 
Calibration Function
The information in the measured field map predicts how the echo time will shift and how to estimate the BOLD signal. A calibration function can be formed to remove the expected variation in the BOLD signal due to susceptibility gradients.
The calibration function, or percent signal change ratio, is defined as The study of how the function of our brain changes with age will enlighten us on how to preserve our mind late into life and will provide information on healthy age-related declines in function versus other pathological changes such as Alzheimer's Disease. Much research is being conducted to better understand relationships between FMRI signal increases and their direct relationship to improvement or decrements in behavioral performance across age [6] [7] . Cabeza pointed out that the most powerful studies of the cognitive neuroscience of aging use functional neuroimaging techniques such as functional magnetic resonance imaging (FMRI) [8] . Recent FMRI studies have shown evidence of significant age-related changes in brain function in areas involved with memory, executive control, attention, motor control, and others. Specifically, common findings in the literature demonstrate that aging is associated with changes in magnitude, extent of activation, or laterality. However, magnetic susceptibility can cause spatially-varying BOLD sensitivity in the brain [1] [9] . In order to have an accurate age-related study, we first need to remove these sensitivity bias artifacts. After finding percent signal change ratio and removing the expected variation in the BOLD signal due to susceptibility gradients, then future studies can examine if there are actual changes in brain function [10] . To determine the impact of these sensitivity changes, we can determine some areas in a brain that have significant changes in sensitivity with age and compare those to areas commonly found to have age-related functional changes. Frontal regions and cingulate are the regions that have been previously implicated in age-related functional changes and we expect that these regions, along with others, will demonstrate age-related sensitivity variations that may partially account for these previous findings.
Material and Methods
To compare between old and young, we used two different data sets from previous functional imaging studies. The older subject group included twenty-six old adults (59 -78 years old, mean age 63.15, 19 females) [11] [12] [13] . The younger subject group consisted of thirty young adults (18 -21 years old, mean age 18.8, 18 females) [14] [15] . Subject scans were performed using a Siemens (Erlangen, Germany) Allegra 3T MRI scanner. For the older group's magnetic field maps, the followings are the parameters that are used: TE = 10.00, 12.46 ms, TR = 700 ms, field of view = 22 cm, base resolution = 64, phase resolution = 72, 28 slices 4.00 mm thick, bandwidth = 260.42. For the younger group's magnetic field maps were acquired with the same protocol except for the following changes: TR = 1000 ms, 38 slices 3.3 mm thick. We do not expect that these parameter differences would yield difference field map measures in our study.
For the units of the field maps we used Hz. Gradients of the field map were simply found by calculating the differences with the neighbor pixels in the field map and the units of the gradients were Hz/cm. Since the field map and T2-weighted scan are in subject-specific anatomical spaces, we need image registration in order to transform them into a standard space where all subjects can Journal of Computer and Communications be compared. The FMRIB group, Functional Magnetic Resonance Imaging of the brain, provides image registration tool in the FSL software package. The standard image that was used was the template MNI (Montreal Neurological Institute) brain. Registrations of our data to this template were performed using FLIRT (FMRIB's Linear Image Registration Tool) in FSL (FMRIB Software Library). To find eff TE , we need to find eff K which is the sum of imaging K and for specific anatomical regions of interest (ROIs) in the brain.
Results and Discussion
After running t-tests for each of the ROIs and comparing the p-values, we were found several areas that have significant difference between old and young subjects. Table 1 shows those areas. And Figure 4 is a bar chart that shows the means, standard deviations for both groups in each ROIs, standard deviations for both groups in each ROIs and its ( ) 10 log -values p −
, and an image of brain with some significant regions that have a big difference between ages (the blue regions mean the area where the p-value is between 10 −2 to 10 −5 ).
Magnetic field variations can result in changes in sensitivity of functional imaging in different brain regions. This can be problematic if there is a net bias between two groups that are being compared for brain function. Net bias in sensitivity can appear as functional changes across age, or can introduce additional variance and mask actual differences between groups. We have shown that there are net bias differences in old versus young adults in several regions that have been implicated in age-related changes in brain function. A thorough understanding of the relationship between the measurement technique and the interaction with other potential net changes between groups must be understood to ensure proper interpretation of functional differences. Calibration may help in eliminating the sensitivity bias between two groups, by measuring the individual specific magnetic field distributions and calculating the expected BOLD sensitivities [16] .
There are several reasons why age-related changes in susceptibility-induced gradients may exist. One of the possible reasons is structural changes that accompany aging. Previous studies have used voxel-based morphometry (VBM) to assess changes in the overall structure of the brain accompanying age [12] . As tissue loss of the brain occurs with age, the magnetic field can be different between young and old people because the air/tissue interfaces and their relationship to other structures in the brain will be changed. In addition to anatomical differences that may affect air/tissue interfaces, age-related results from susceptibility weighted imaging shows that iron distributions in the brain can change with age. As people get older, iron concentrations in some areas change and it can cause a change in the magnetic field distribution. Another reason that can result in changes in the distribution of magnetic field is the subjects' head orientation. Truong et al. mentioned that the tilted head can significantly reduce the magnetic field gradients or significantly increase depending on which region of the brain is being examined [2] , based on how the angle between the air/tissue interface and B0 will be changed. We measured the tilted angle of the subjects from our registration to the template image to determine by how much the images are rotated. The rotation angles for old subjects are 0.088 ± 0.067 radian Journal of Computer and Communications and the rotation angles for young subjects are 0.057 ± 0.063 radian. The corresponding p-value is 0.087 which means that the rotation angles between old and young subjects are showing a trend towards being different, approaching significance. Generally, people become stooped as they are becoming older and this fact might cause this rotation angle difference.
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Conclusion
Susceptibility gradient can shift and skew k-space trajectories and it leads to echo time shift and BOLD sensitivity change. Correct the artifacts by percent signal change (PSC) and calibration function, it can be apply into many different areas such as age-related studies. Accounting for subject-specific changes in BOLD sensitivity will enable careful studies to be performed to determine how the brain changes with age and how we can slow declines in function with age. This paper analyzed the performance of correcting the variations of BOLD Signal due to Susceptibility Gradients with real data set and identified the computational issues that need to be improved.
